We summarize and expand our investigations concerning the soft graviton effects on microscopic matter dynamics in de Sitter space. The physical couplings receive IR logarithmic corrections which are sensitive to the IR cut-off at the one-loop level. The scale invariant spectrum in the gravitational propagator at the super-horizon scale is the source of the de Sitter symmetry breaking. The quartic scalar, Yukawa and gauge couplings become time dependent and diminish with time. In contrast, the Newton's constant increases with time. We clarify the physical mechanism behind these effects in terms of the conformal mode dynamics in analogy with 2d quantum gravity. We show that they are the inevitable consequence of the general covariance and lead to gauge invariant predictions. We construct a simple model in which the cosmological constant is self-tuned to vanish due to UV-IR mixing effect. We also discuss phenomenological implications such as decaying Dark Energy and SUSY breaking at the Inflation era. The quantum effect alters the classical slow roll picture in general if the tensor-to-scalar ratio r is as small as 0.01.
Introduction
In the present Universe, the Hubble parameter H 2 is so small in the unit of the Planck mass M Its energy scale may be related to that of neutrino mass as
2)
It has been long thought to be exactly zero before its recent observations. The present Universe is well described as the space-time with a positive cosmological constant, namely de Sitter (dS) space. However we have not understood why the Hubble parameter (Dark Energy) is so small.
It is likely that we cannot explain its magnitude in the present theoretical framework: relativistic quantum field theory. As is well known, the quantum field theory in the flat space-time is intimately connected to critical phenomena in equilibrium physics. In fact the space-time with a positive cosmological constant is not stationary. The quantum field theory in dS space may belong to nonequilibrium physics. In fact we need to employ the Schwinger-Keldysh formalism instead of the familiar Feynman-Dyson formalism.
In particular, the existence of a cosmological event horizon in dS space may give rise to interesting quantum effects. It generates the fluctuations of the space-time metric with a scale invariant spectrum. Inflation theory explains the origin of large scale structures of space-time by such a mechanism. We may need to take the fluctuations at the super-horizon scale seriously as they may eventually come back into the sub-horizon scale.
In the Poincaré coordinate, the metric in dS space is
where the dimension of dS space is taken as D = 4 and H is the Hubble constant. In the conformally flat coordinate,
Here the conformal time τ (−∞ < τ < 0) is related to the cosmic time t as τ = − 1 H e −Ht . We assume that dS space begins at an initial time t i with a finite spatial extension. After a sufficient exponential expansion, dS space is well described locally by the above metric irrespective of the spatial topology.
The metric is invariant under the scaling transformation
It is a part of the SO(1, 4) dS symmetry. The central issue is whether the dS symmetry could be broken due to IR effects. Note that this is a large gauge (coordinate) transformation.
As explained shortly, we may need to introduce an IR cut-off in order to regulate the IR divergences of the propagators of the minimally coupled modes. The IR cut-off breaks the scale invariance explicitly. Therefore the equivalent question is to ask whether there exist IR divergences in physical observables.
Let us consider free propagators of a massless and minimally coupled scalar field ϕ and a massless conformally coupled scalar field φ ϕ(x)ϕ(x ′ ) = H 2 4π 2 1 y − 1 2 log y + 1 2 log a(τ )a(τ ′ ) + 1 − γ , (1.6)
where γ is Euler's constant and y is the dS invariant distance
(1.8)
It should be noted that the propagator for a massless and minimally coupled scalar field has the dS symmetry breaking logarithmic term: log a(τ )a(τ ′ ).
To explain what causes the dS symmetry breaking, we recall the wave function for a massless and minimally coupled field
Well inside the cosmological horizon where the physical momentum P ≡ p/a(τ ) ≫ H ⇔ p|τ | ≫ 1, this wave function approaches to that in Minkowski space up to a cosmic scale factor
On the other hand, the behavior outside the cosmological horizon P ≪ H is
(1.11)
The IR behavior indicates that the corresponding propagator has a scale invariant spectrum. As a direct consequence of it, the propagator has a logarithmic divergence from the IR contributions in the infinite volume limit.
To regularize the IR divergence, we introduce an IR cut-off ε 0 which fixes the minimum value of the comoving momentum
dP.
(1.12)
With this prescription, more degrees of freedom come out of the cosmological horizon with cosmic evolution. Due to the increase, the propagator acquires the growing time dependence which spoils the dS symmetry [1, 2, 3] . In tribute to its origin, we call the dS symmetry breaking term the IR logarithm. Physically speaking, 1/ε 0 is recognized as an initial size of universe when the exponential expanding starts. For simplicity, we set ε 0 = H in (1.6). We recall here that the physical momentum P = p/a(τ ) is invariant under the scaling transformation (1.5). Our fundamental hypothesis is to adopt the dS invariant UV cut-off P < Λ UV . In this prescription UV contributions from H < P < Λ UV is time independent. In contrast, the IR contributions from H/a(τ ) < P < H could grow with cosmic expansion.
Actually the metric fluctuations always contain a scale invariant spectrum just like the massless and minimally coupled scalar field. In dealing with the quantum fluctuation of the metric whose background is dS space, we adopt the following parametrization:
where κ is defined by the Newton's constant G as κ 2 = 16πG.
The Lagrangian of Einstein gravity on the 4-dimensional dS background is
whereR denotes the Ricci scalar constructed fromg µν . In order to fix the gauge with respect to general coordinate invariance, we adopt the following gauge fixing term [4] :
ρ µ ∂ ρ log a + 4w∂ µ log a. In this paper, the Lorentz indexes are raised and lowered by the flat metric η µν and η µν respectively.
After decomposing the spatial part of the metric and diagonalizing the quadratic action: 18) we find that some modes of gravity behave as the massless and minimally coupled scalar field and the other modes behaves as the massless and conformally coupled mode:
where b,b denote the ghost and anti-ghost fields.
Since we focus on the dS symmetry breaking effects, we may introduce an approximation. We can neglect the conformally coupled modes of gravity (1.20) since they do not induce the IR logarithm. In such an approximation, the following identity holds
Our aim is to investigate quantum IR effects from the minimally coupled modes of gravity (1.19) on microscopic matter dynamics. To do so, we derive the effective equation of motion which takes account of the quantum effects due to soft gravitons. Before investigating specific models, we review the general procedure to derive the effective equation of motion in the next section.
Schwinger-Keldysh formalism
In this section, we review how to derive the effective equation of motion in a time dependent curved space-time. Let us represent the vacuum at t → −∞ as |in , and t → ∞ as |out .
In the Feynman-Dyson formalism on a flat background, it is presumed that |out is equal to |in up to a phase factor. On the other hand, we can't prefix |out in dS space. The correct strategy is to evaluate vacuum expectation values (vev) with respect to |in :
where O H and O I denote the operators in the Heisenberg and the interaction pictures respectively. U(t 1 , t 2 ) is the time translation operator in the interaction picture
Here δL denotes the interaction term of the Lagrangian. It is crucial that the operator ordering T C specified by the following path is adopted here
We call it the Schwinger-Keldysh formalism [5, 6] . Since there are two time indices +, − in this formalism, the propagator has four components
where T denotes the time ordering andT denotes the anti-time ordering.
Let us introduce the external source J + , J − for each path and evaluate
The generating functional for the connected Green's functions is
We define the classical field aŝ
By taking the limit J + = J − = J in (2.7), we obtain the vev of ϕ where the action contains the additional Jϕ term
Finally, we turn off the source term J = 0
The effective action is obtained after the Legendre transformation
where J +,− are given byφ +,− as follows
From (2.9) and (2.12), we obtain in the limitφ + =φ − =φ
In the absence of the external source, the exact equation of motion is obtained including quantum effects
The quantum equation of motion is an appropriate tool to investigate the non-equilibrium physics and curved space-times [7, 8, 9 ] as we do not need to prefix the unknown vacuum state |out . Nevertheless we still need to specify the initial state |in . In this paper we take it to be the Bunch-Davies vacuum.
Free scalar and Dirac fields
Our interests are soft gravitational effects on the local dynamics of matter fields at the subhorizon scale [10, 11] . Although we cannot observe the super-horizon modes directly, it is possible that virtual gravitons of the super-horizon scale affect microscopic physics which are directly observable. We propose that observables in dS space are of this type. In some specific models, we have derived the field equation of local matter dynamics corrected by soft gravitons at the one-loop level. As the first example, let us investigate a free massless conformally coupled scalar field:
We redefine the matter field asφ
This variable corresponds to the canonical quantization for the conformally flat metricg µν = η µν . We believe the freedom of the tensor weight of the matter path integral is uniquely fixed this way by the requirement of unitarity.
Up to the one-loop level, the quantum equation of motion is written as
where the self-energies from the four-point vertices and the three-point vertices are given by
Here the differential operators are applied after the step functions are assigned. This prescription corresponds with the T * product.
In (3.4) , the Lorentz invariance is respected at the tree level. It is because the dS metric is conformally flat and the scalar field is conformally coupled. Even for the minimally coupled case, the Lorentz invariance holds as the effective symmetry in the sub-horizon scale since the mass term of the Hubble scale can be neglected. The Lorentz invariance is a fundamental symmetry of the microscopic physics. In investigating quantum IR effects, we should pay attention whether they respect the Lorentz invariance or not. Its possible violation could be tested stringently by experimental observations.
At the sub-horizon scale, we can neglect the derivative of the scale factor in comparison to the external momentum of the matter as
where P denotes the external physical momentum scale of the matter. Furthermore the higher derivative terms arise due to UV contributions and as such they are not associated with the IR logarithm. We can focus on the twice differentiate term of the equation (3.4) as the IR logarithms are concerned :
It is base on a crucial fact that only the local terms contribute to the dS symmetry breaking. We give a detailed explanation on this fact in the next section. Here we first show the result of the first principle investigation. The quantum equation of motion of a scalar field including the one-loop correction from soft gravitons is evaluated as
We emphasize that the IR logarithm appears as an overall factor of the kinetic term. In this regard, soft gravitons do not spoil the Lorentz invariance at the sub-horizon scale.
Since the derivative of log a(τ ) is negligible on the local dynamics at the sub-horizon scale, we can eliminate such an overall factor by the following time dependent renormalization of a scalar field: ‡φ
It is important to understand a physical mechanism behind this result. We may regard the soft metric fluctuations as a slowly varying background a la [18] . In such a view point the propagator forφ in the comoving momentum space behaves as
where the physical momentum P a = e µ a (x)p µ involves the vierbein. Our idea is to identify the effective conformal mode dependence e −2κw(x) in Ω −2 (x) as the sole source of the IR logarithms. In other words, we compare the magnitude of the amplitudes for the fixed physical momentum P a . We argue that such a quantum relation is consistent with the effective Lorentz invariance. The conformal mode dependence can arise through the equivalence at the super-horizon scale 2w ∼ h 00 in (1.21). This idea certainly explains the time dependent wave function renormalization factor since e −2κw = Z 2 φ .
(3.12) implies the following UV divergences at the coincident limit ofφ propagator
where we fix the UV cut-off of P < Λ U V . Since this behavior is consistent with the general covariance, we argue that the (3.12) is required by it and hence gauge invariant. In fact this point of view holds in more generic situations as we shall explain below.
We have performed the parallel investigation for a free massless Dirac field. The corresponding action is
where e µ a is a vierbein and γ a is the gamma matrix:
The vierbein can be parametrized as
(3.16) ‡ For the minimally coupled massless scalar field, the wave function renormalization factor changes due to the additional contribution from soft matter fluctuations
In a similar way to (3.3), we redefine the matter field such that it is canonically normalized:
The quantum equation of motion of a Dirac field including the one-loop correction from soft gravitons is
Just like a scalar field, the IR effect from gravitons to a Dirac field preserves the Lorentz invariance. It can be eliminated by the following time dependent wave function renormalization of a Dirac field:ψ
From (3.11) and (3.20), we can conclude that the IR logarithms due to soft gravitons can be eliminated in the free field theories after the wave function renormalization.
In a similar way to the conformally coupled massless scalar field, we can reproduce the time dependent wave function renormalization ofψ by identifying the conformal mode dependence in the propagator as
It is because e −κw = Z 2 ψ where we regard P a to be constant. This conformal mode dependence of the propagator ensures that the UV divergences are consistent with the general covariance just like the scalar field case. Thus it also follows from the the fundamental symmetry as we fix the maximum value of the physical momentum P < Λ UV .
We point out that the different choice of quantization schemes with respect to parametrization of the metric and normalization of the matter field leads to different results [15] . We can reproduce the results in the existing literatures by Woodard et al. [16, 17] ; Giddings and Sloth [18] after taking account of these differences. We believe there is an advantage in our prescription. It is consistent with unitarity since matter fields are canonically normalized. We suspect it is the reason that we can show IR logarithmic effects respect Lorentz invariance of the microscopic physics.
Cancellation of Non-local IR singularities
In investigating the dS symmetry breaking effects, we should distinguish the local and nonlocal IR singularities. When we integrate over the interaction vertices, the amplitudes with soft or collinear particles seem to induce IR singularities. However it is a well-known fact that such non-local IR singularities cancel after summing over degenerate states between real and virtual processes in QED and QCD [12, 13] .
We have found that the cancellation of the non-local IR singularities holds in quantum gravity on the dS background, at least at the one-loop level [14] . This fact indicates that only the local IR singularities contribute to the dS symmetry breaking.
As seen in (3.5), at the one-loop level, the contribution from the four point vertices consists only of the local terms. Namely the corresponding self-energy is proportional to the delta function
In the coefficients of the delta function, the gravitational propagator at the coincident point which is left intact by differential operators h µ ρ (x)h ρν (x) induces the IR logarithm.
In contrast, the contribution from the three point vertices contains the local and the nonlocal terms. In order to extract the local terms, let us recall that the twice differentiated propagator induces the delta function. For example the four-times differentiated propagator of the matter field in Σ ++ 3-pt (x, x ′ ) induces the delta function with two differential operators:
We should emphasize that these local terms come from the derivative of the step function and so Σ −+ 3-pt (x, x ′ ) does not contain them. In the coefficients of the local terms (4.2), the gravitational propagator at the coincident point which is left intact by differential operators induces the IR logarithm.
Next, let us investigate the non-local terms in the self-energy from the three point vertices. When we assign p as the external comoving momentum:φ p (x ′ ) ∝ e ipµx ′µ , p µ p µ = 0, the non-local term is written as the following integral:
Here p 1 and p 2 are respectively the comoving momenta of the intermediate scalar and gravitational fields. Furthermore we have introduced the total energy of intermediate particles as
merely denotes the coefficient of the oscillating phase factor.
In the process with a soft or collinear particle, the total energy is close to p:
In such a process, the contribution from the negatively large conformal time region is dominant since the frequency of the integrand vanishes. In other words, the integral (4.3) is sensitive to the initial time τ i . We call it the non-local IR singularity. Strictly speaking, the non-local IR singularity comes from the integral of Σ
By considering the off-shell effective equation of motion: p µ p µ = 0, we can avoid the non-local IR singularity. It is because the lower bound of the total energy is given by the virtuality:
In the subsequent discussion, we define a physical quantity which gives a proper interpretation into the on-shell limit of the off-shell effective equation of motion.
It is natural to conjecture that the non-local IR singularities cancel after summing over degenerate states between real and virtual processes also in dS space, like QED or QCD. In order to confirm the conjecture, we adopt the Kadanoff-Baym method [14] . The method is valid when the external momentum is at the sub-horizon scale as a particle description holds. In contrast to the investigation by the effective equation of motion, we investigate the Schwinger-Dyson equation of the two point function in this method. So we can systematically obtain the on-shell term and the off-shell term. The two point function depends on two time variables τ 1 , τ 2 . We decompose them as τ c ≡ (
We see the following integrals in the investigation of the non-local terms by the KadanoffBaym method:
Here we have introduced the Fourier transformation of the matter propagator:
There is a counter part to the first integral in the effective equation of motion (4.3). After performing the integrations other than over the total energy, each integral is written as
In terms of the characteristic frequency of the oscillating phase factor, we call (4.7) with p the on-shell term and (4.8) with ǫ the off-shell term. The on-shell and off-shell terms have the non-local IR singularities at ǫ ∼ p whose coefficients ∓iA ′ are identical except for opposite signs. If we naively define the on-shell and off-shell terms such as (4.7), (4.8), each term has an IR divergence and the IR cut-off seems to be given by the inverse of the initial time:
Physically speaking, any experiment has a finite energy resolution of observation ∆ǫ. We may divide the integration region of the off-shell term as
Within the energy resolution, we cannot distinguish the off-shell term from the on-shell term
Thus we need to redefine the on-shell term by transferring the contribution of the off-shell term within the energy resolution p < ǫ < p + ∆ǫ:
The remaining contribution is the well-defined off-shell term:
We have found that there is no IR divergence after the redefinition. Since the energy resolution of observation is at the sub-horizon scale ∆ǫ ∼ 1/∆τ ≫ |1/τ c | > |1/τ i |, the IR cut-off is given by not the inverse of the initial time |1/τ i | but the energy resolution ∆ǫ. The nonlocal IR effect respects the dS symmetry as we fix the physical scale of the energy resolution ∆E ≡ ∆ǫH|τ c |.
Furthermore we can identify the mechanism how the cancellation takes place. Since the zero frequency process is contained in the common integrand Σ
, the integral of the non-local terms (4.6) is evaluated as
Manifestly the initial time dependences (dS symmetry breaking effects) are canceled.
We summarize this section. As for the non-local IR singularities which originate in the integrations over the vertices including soft or collinear particles, they cancel after summing over degenerate states between real and virtual processes like QED and QCD. Once the nonlocal terms are expressed by physical scales such as P , ∆E, they do not contribute to the dS symmetry breaking. In the coefficients of the local terms, the gravitational propagator at the coincident point breaks the dS symmetry. So we can conclude that only through the local terms, soft gravitons contribute to the dS symmetry breaking.
We have confirmed the cancellation of the non-local IR singularities in the two point function but not in the multi-point functions. In the next section, we investigate soft gravitational effects in interacting field theories. We assume that the cancellation holds also in the multipoint functions. The assumption is reasonable since the cancellation originates from the fact that the total spectrum weight is preserved. In this regard, it may be a universal phenomenon as far as field theoretic models are consistent with unitarity.
5 Gauge theory, φ 4 theory and Yukawa theory
In this section, we investigate soft gravitational effects in interacting field theories. For example, let us consider the gauge theory
We have redefined the Dirac field asψ = Ω 3 2 ψ in the second line of (5.1). Here the gauge group is generic and the Dirac field could be in any representation.
Up to the one-loop level and O(log a(τ )), the bosonic part of the quantum equation of motion is written as
Here we have neglected the differentiated gravitational propagator which does not induce the IR logarithm. From (1.19) and (1.21), the bosonic part is evaluated as
The result preserves the gauge symmetry manifestly and indicates that the coupling of the gauge interaction decreases with cosmic expansion
It is because there is no wave function renormalization for the classical gauge field in the background gauge. The Lorentz invariance is also preserved and the velocity of light is not renormalized just like the massless scalar and Dirac fields.
We further investigate the fermionic currentψγ ν t aψ in the quantum equation of motion. Up to the one-loop level, this term is evaluated as
We recall here that the IR logarithm due to soft gravitons modifies the kinetic term of the Dirac field. We have shown that this change of the kinetic term can be absorbed by the wave function renormalization (3.20) . It should be noted that the quantum correction in (5.5) can also be absorbed by the identical wave function renormalization. We therefore conclude that the fermionic current is not renormalized by soft gravitons after the wave function renormalization in accord with the gauge invariance.
Let us move on to the investigation of soft gravitational effects in φ 4 and Yukawa theories. Since the coupling constants are dimensionless, √ −g can be absorbed by the field redefinitioñ
After the wave function renormalization (3.11), (3.20) , the interaction terms are renormalized as
In addition to these wave function renormalization factors, soft gravitons dressing the interaction vertices modify the coupling constants. Considering the both contributions, we have found that the effective couplings of φ 4 and Yukawa interactions decrease with cosmic expansion under the influence of soft gravitons
As mentioned in the previous section, we have assumed that only the local terms contribute to the dS symmetry breaking also in multi-point functions. § § If the minimally coupled massless scalar is involved in the interaction, the couplings evolve as
Although these results are obtained through deriving the quantum equation of motion, we can simply reproduce them by using the effective propagators. Let us investigating the following products of them for the four point Green's function:
.
(5.14)
Here we have adopted the postulate (3.12) that the propagators G(x, p) depend on the conformal mode w(x). At short distance when x ∼ y ∼ v ∼ z, the vertex correction where the gravitons are exchanged between different legs can be estimated as
(5.15)
We fix the physical momenta P 2 i when we estimate the time evolution of the amplitude. There are 6 ways to pair 2w out of 4 Green's functions. After the wave function renormalization we observe this calculation agrees with (5.10). We can also reproduce (5.11) in this way through the conformal mode dependence of the propagators (3.12) and (3.21). It is our contention that dimensionless couplings acquire time dependence due to soft gravitons. We believe that we have clarified its physical mechanism behind it in terms of the effective conformal mode dynamics of the propagators. We have observed that these behaviors are consistent with the general covariance if we fix the maximum physical momentum as the UV cut-off. As these relations follow from the general covariance, we argue that the IR logarithmic corrections are the inevitable consequence of the fundamental symmetry.
We can also estimate the IR logarithmic corrections to the gravitational couplings at the one-loop level. For a conformally flat metric g µν = a 2 η µν , the Einstein action is
The dS space is the classical solution of this action. Let us assume a more generic time dependent background a here. In dS space, we find minimally coupled gravitational modes. With a generic background a, these modes acquire small mass if we assume a is close to the classical solution. Such a term gives rise to IR logarithms of the one-loop effective action. In this way the IR logarithms in the one-loop effective action are estimated as
We find that the inverse of G deceases with time at the one-loop level:
Furthermore we find that H 2 /G decreases with time as a soft gravitational effect at the one-loop level:
Nevertheless the dimensionless ratio GH 2 is the relevant quantity with respect to the cosmological constant problem. From (5.18) and (5.19), we can conclude that soft graviton effects cancel in this dimensionless ratio at the one-loop level.
In fact the above corrections in (5.18) and (5.19) can be canceled out by shifting the conformal mode of the metric:
On the other hand, we can show that the mass operators:
receive no IR logarithmic corrections at the one-loop level in the Schwinger-Keldysh formalism. This fact is consistent with our postulates (3.12) and (3.21). Although the above shift removes time dependence in gravitational couplings, it in turn introduces the IR logarithms into the inertial mass
As the physical Newton constant involves G eff m 2 = Gm 2 eff , we find that it increases with time as 23) irrespective to our renormalization prescription of the conformal mode.
Gauge dependence
It is important to investigate the gauge dependence of our obtained results. In this section, we adopt the following gauge fixing term with a parameter β:
The gauge condition (1.16) which is adopted in the preceding sections corresponds with the β = 1 case.
For an infinitesimal deformation of the gauge parameter: |β 2 − 1| ≪ 1, the gravitational propagator at the coincident point behaves as
Here we have evaluated it perturbatively up to the first order of the gauge deformation:
From this fact, we can conclude that the IR logarithmic effects respect the Lorentz invariance for a continuous β in scalar and Dirac theory with the wave function renormalization:
It is also the case in gauge theory since there is no wave function renromalization in a background gauge.
We also find that soft gravitons screen the gauge, quartic and Yukawa couplings in this gauge (6.1) as
As a consequence, we confirm that these effective couplings depend on the gauge parameter.
Out of these couplings, we can form gauge independent ratios as follows
, e eff /e = (λ 4 ) eff /λ 4 1 7
(6.8)
We interpret our findings as follows. The time dependence of each effective coupling is gauge dependent since there is no unique way to specify the time as it depends on an observer. A sensible strategy may be to pick a particular coupling and use its time evolution as a physical time. In (6.8), the coupling of the quartic interaction has been assigned to this role. In this setting the relative scaling exponents measure the time evolution of the couplings in terms of a physical time. Although the choice of time is not unique, the relative scaling exponents are gauge independent and well defined.
We can draw an analogy with 2-dimensional quantum gravity. In 2-dimensional quantum gravity, the couplings acquire nontrivial scaling dimensions due to quantum fluctuations of metric. Although the scaling dimension of each coupling is gauge dependent, the ratio of them are gauge independent [19, 20] . It is because we need to pick a coupling to define a physical scale. In 4-dimensional dS space, we can reproduce the IR logarithmic corrections from the conformal mode dependence in the effective propagators: the scalar (3.12) and Dirac field (3.21). As they follow from the general covariance, we can demonstrate the gauge independence of our such predictions: Lorentz invariance and the relative evolution speed of λ Y , λ 4 . It is because the details of the propagator of the conformal mode does not matter. In summary we argue that the gauge dependence should be canceled in physical observables such as Lorentz invariance and the ratio of the variation speeds of the couplings.
Self-tuning cosmological constant
In the preceding sections, we have argued that the dimensionless couplings become time dependent and diminish with time in dS space due to soft gravitons. The tree level Lagrangian depends on these couplings as
The IR effects are local in such a way to make couplings time dependent:
Such effects may have important physical consequences. In an interacting field theory, the cosmological constant is a function of the couplings: f (λ 4 , λ Y , e; Λ UV ) where Λ UV is the ultra-violet (UV) cut-off. As the couplings evolve with time in dS space, the cosmological constant may acquire time dependence: f (λ(t), λ Y (t), e(t); Λ UV ). Here we assume that the UV cut-off Λ UV is kept fixed. Namely the degrees of freedom at the sub-horizon scale are assumed to be constant while the degrees of freedom at the super-horizon scale accumulate with an exponential cosmic expansion.
Let us consider a time evolution trajectory of the cosmological constant and the couplings. Note that the vanishing cosmological constant is the fixed point of the evolution as the couplings stay constant there. Even if we start with a theory with a positive cosmological constant, it may be attracted to the fixed point within the domain of the attraction. In this way, quantum IR effects may provide a self-tuning mechanism for the cosmological constant. We propose it as a simple solution for the cosmological constant problem. Its simplicity may underscore the relevance of non-equilibrium physics to this problem. In order to provide the existence proof of such a mechanism, we first construct a concrete model with a self-tuning cosmological constant.
We consider a conformally coupled scalar field with a quartic coupling λ 4 for simplicity. We have argued that gravitons at the super-horizon scale make λ 4 time dependent:
This interaction term contributes to the cosmological constant as a back-reaction. It is estimated by taking the vacuum expectation value of this potential term
The leading contribution is quartically UV divergent
By introducing a physical momentum cut-off Λ UV , we estimate the UV divergence as
in agreement with (3.13). We stress here that the time evolution of the couplings is the inevitable consequence of this postulate.
We can cancel it by a counter term (bare cosmological constant) at an initial time. However we can no longer do so at late times
where ∆λ(t) = λ(t) − λ. In this way the Hubble parameter becomes time dependent: 8) where the coefficient D is
The essential point here is that the bare action is assumed to be generally covariant and hence dS invariant. The symmetry breaking effect comes from IR effects. With this assumption, we can estimate the time evolution of the cosmological constant even if we cannot predict its initial value.
The evolution trajectory of the cosmological constant is a straight line in (λ 4 , H 2 ) plane. This trajectory in (λ 4 , H 2 ) plane is attracted to a fixed point on the horizontal line with H 2 = 0 as λ 4 is decreased by ∆λ 4 = H 2 /(DM 2 P ). We should emphasize that this statement is gauge independent. at present, λ 4 changes little in this process as long as D ∼ (Λ UV /M P ) 4 is not so small. This condition is easily satisfied with Λ UV > m ν .
As seen in (5.10), the effective coupling of the quartic interaction decreases with time as
Through the effective coupling, the Hubble parameter acquires the following time dependence
As λ 4 changes little, we can ignore the time dependence of λ 4 in this equation. In this way, we find
As is well known, n = 3 for dark matter and n = 0 for cosmological constant. The scaling index n is small n < 10 −3 as long as we keep the UV cut-off of this model Λ UV < M P . The important point is that n is non-vanishing unlike a true cosmological constant. The Hubble parameter H 2 is self-tuned to zero at late times in this model.
The theoretical issue we need to clarify here is that the coefficient C depends on a gauge parameter β as
14)
where we have evaluated it up to the first order of the gauge deformation in a similar way to (6.2). As seen in (6.6), it originates in the fact that the evolution speed of the coupling is gauge dependent:
We observe that this factor can be absorbed by the reparametrization of the scale factor up to O(β 2 − 1)
Of course it is due to the fact that time is an observer dependent quantity. We hence argue that such an ambiguity must be resolved by specifying the coordinates of the observer at the quantum level. In this procedure the symmetry may play an important role. For example the β = 1 case corresponds to the most symmetric space-time since the gravitational propagators possess SO(3) symmetry as seen in (1.19) . Namely the scalar, vector and tensor modes of h i j are degenerated in this gauge.
We remark that use of the dimensional regularization to remove power divergences are not allowed in our rule. It is because such a subtraction does not correspond to dS invariant counter terms.
We also mention that supersymmetry (SUSY) does not remove this effect either. SUSY removes quartic divergences of the vacuum energy as long as quartic, Yukawa and gauge coupling are related in a specific way. However as seen in (5.4), (5.10) and (5.11), they evolve differently with time in dS space. So SUSY relations of the couplings are split with time and quartic divergences of the vacuum energy no longer cancel. It is also clear that quadratic divergences also remain and they split mass degeneracy among SUSY multiplets.
Splitting SUSY
In this section, we investigate SUSY splitting effect in dS space in more detail. Let us consider a Wess-Zumino model with a superpotential
where Φ denotes a chiral super field. In terms of component fields: complex scalar and Weyl spinor ¶ , the interaction term is expressed as
where g 4 = g 3 = g.
As seen in Section 5, each coupling is screened by soft gravitons as
As a consequence, the UV-IR mixing effect on the Hubble parameter is evaluated as
The scalar mass term is generated as
where
It is of order Hubble scale H 2 . The fermion mass term is not perturbatively generated due to the chiral symmetry.
Note that the scalar field becomes tachyonic m 2 φ < 0 if we start with a massless super multiplet. Therefore the scalar field acquires the vacuum expectation value |φ| = √ 2|m φ |/g. Since we have a Mexican hat type potential, we obtain a Nambu-Goldstone boson. The mass of a Higgs type boson is √ 2|m φ |. The fermions acquire the identical mass.
We may draw a lesson from this analysis of a simple SUSY model. In dS space, SUSY degeneracy in the mass spectrum is lifted. The massless particles acquire the mass of order Hubble scale unless they are protected by symmetries. In other words, the gauge bosons ¶ Our convention is ψψ = ǫ αβ ψ α ψ β ,
with gauge symmetry and fermions with chiral symmetry remain massless unless the relevant symmetry is spontaneously broken.
The origin of large structure of the Universe is argued to be generated during cosmic inflation with the potential V ∼ (10 16 GeV) 4 (r/0.1). In the inflation era, the Hubble scale is H/M P ∼ 10 −5 unless the tensor to scalar ratio r is much smaller than the current upper bound of 0.1.
It is likely that SUSY is required to make a consistent theory of quantum gravity such as string theory. However our analysis indicates that inflation splits SUSY with SUSY breaking scale of H ∼ 10 −5 M P . A possible way out to have TeV scale SUSY is to make r ratio very small as 10 −20 . We may thus conclude: If Planck observes primordial tensor modes, LHC will find no SUSY and vise versa.
It is certainly desirable to investigate this issue in a UV finite quantum gravity such as string theory. This mechanism could be investigated nonperturbatively by Minkowski version of IIB matrix model [21] . It is interesting to note that an exploratory investigation indicates the beginning of the universe with Inflation. We could also list possibly relevant questions:
• Can we understand Higgs mass m H from this perspective?
• What are the implications to inflation theory?
Diminishing cosmological constant in 2d gravity
In this section we investigate the quantum IR effects in a solvable model: 2-dimensional (2d) quantum gravity. We choose a conformal gauge
whereĝ µν is a background metric. The effective action for the conformal mode φ is the Liouville action:
Here c denotes the central charge of the matter coupled to 2d quantum gravity. In the free field case, c counts massless scalars and fermionic fields: c = N s + N f /2. We consider the semiclassical regime: c > 25 where the metric for the conformal mode is negative and hence time-like. It is the identical feature with 4d Einstein gravity. In the above expression Λ is the cosmological constant, e
)φ is a renormalized cosmological constant operator and γ denotes the anomalous dimension.
The equation of motion with respect to φ is given by
where we put γ = 0. Furthermore the equation of motion with respect to h µν is
where f denotes a free scalar field. The classical solution of the Liouville theory is 2d dS space:
We identify cosmic time with the classical solution for the conformal mode φ c (t) = 2Ht. On the other hand if the cosmological constant can be neglected, we also have a solution with a non-trivial free matter field f :
where A is an arbitrary constant. This is a 2d Friedmann spacetime. This solution should go over to the 2d dS space solution when the cosmological constant becomes dominant.
To renormalize the cosmological constant operator to the leading order in 1/(c − 25), we need to consider the quantum fluctuation of the bare cosmological constant operator:
Here φ c (t) denote a classical solution while
The scalar propagator is both UV and IR divergent in 2-dimension. In this integral with respect to physical momentum, we fix the UV cut-off P max while we identify the IR cut-off as P min = L/a(t). Here a(t) = e φc(t)/2 is the scale factor of the Universe and L is the initial size of the universe. In this way the quantum IR fluctuation grows as the Universe expands:
We have thus found that the effective cosmological constant diminishes as the Universe expands:
The important point here is that the quantum IR effect is time dependent and hence cannot be subtracted by a dS invariant counter term.
The scaling dimension of the cosmological constant operator is
We have reproduced the exact result to the leading order in a simple argument. The exact expression shows that the anomalous dimension γ is negative in the semiclassical regime c > 25. Therefore we can conclude that the quantum IR effects make cosmological constant diminish with time beyond perturbation theory. As the quantum IR effects in 4d dS space can be understood in terms of the conformal mode as well, this model illustrates how the couplings acquire the time dependence.
The effective Newton's constant also decreases with time
In 2-dimension this coupling is topological. For c < 1, (9.11) and (9.12) represent the double scaling relation between these couplings. In such a situation the both couplings grow in the IR limit and we need to fine tune them.
So far we have assumed that the matter system is at the critical point, namely conformally invariant. In a more generic situation, the central charge c is known to be a decreasing function with respect to the IR cut-off and hence time φ c (t). For example a nonlinear sigma model may develop a mass gap. In such a situation, the number of massless scalar fields decreases. This effect may enhance the magnitude of the anomalous dimension and the screening effect of the cosmological constant.
Conclusion
The dS symmetry may be broken due to growing IR effects. Since there exist massless minimally coupled modes in the metric fluctuations, such an effect may be a ubiquitous feature of quantum gravity in dS space. In particular we have found that the couplings acquire time dependence and evolve logarithmically with the scale factor of the Universe. We thus propose that the relative evolution speeds of the couplings are the physical observables in dS space.
We observe these effects can be explained by the nontrivial conformal mode dependence of the operators. We recall here the analogous renormalization takes place in 2d quantum gravity. There the scaling dimensions of the local operators and equivalently couplings to them are renormalized by the scale invariant quantum fluctuation of the metric. We have recalled that the cosmological constant is screened by IR quantum fluctuations in the semiclassical regime. We believe therefore analogous renormalization takes place in 4d dS space due to the scale invariant quantum IR fluctuations of the metric. We argue that the IR logarithmic effects originate from the conformal mode dependence in the effective propagators of the scalar and Dirac fields. In fact we have shown such a quantum effect is the inevitable consequence of the general covariance. Thus we have made a strong case for the validity of our claim when these fields are involved.
The magnitude of this effect is of O(H 2 /M 2 P ). Since this factor is very small (10 −120 ) now, it seems impossible to detect such an effect at first sight. However this factor may be compensated by UV divergences in the case of the cosmological constant which is quartically divergent with respect to the UV cut-off. If so, such an effect could lead to very significant consequences:
• Dark energy may decay with a small but finite n < 10 −3 .
• Inflation may split SUSY in the early universe.
Let us recall BPHZ renormalization procedure. We assume that the theory is renormalized at the n-th order with appropriate counter terms. In the next order, the new divergences occur as over-all divergences since sub-divergences are assumed to be subtracted. If the couplings are time independent, we can renormalize these new local divergences by covariant counter terms. In this way renormalizability implies the absence of UV-IR mixing effect and vise versa. On the other hand, we cannot do so if the couplings become time dependent. The UV-IR mixing effect could arise as the incomplete cancellation of the divergences due to time evolution of the couplings.
So UV-IR mixing effects could occur in non-equilibrium and non-renormalizable field theory. Although our reasoning is different, we agree with Polyakov that the cosmological constant problem may very well be of this nature [22] .
Let us consider the density fluctuation in the cosmic microwave background (CMB) due to scalar modes. The standard argument relates it to the two point function of the minimally coupled scalar field (inflaton) at the horizon crossing as it is identified with the curvature perturbation which remains constant after the horizon crossing in the comoving gauge [23, 24] . We may be able to estimate the scalar and tensor perturbations from the sub-horizon theory side by following it up to the horizon crossing. We have shown that the leading IR effects can be absorbed into the renormalization of the fields and couplings inside the cosmological horizon. We expect that this picture still holds when the space time is approximately dS such as in the inflation era. We hence believe that our results have an implication for the super-horizon soft graviton loop effect on CMB. If so, it shows that the leading IR effects on the scalar two point functions due to soft gravitons are absent as they can be renormalized away. The time evolution of the couplings modifies slow roll parameters ǫ and η in general.
The curvature and tensor perturbations are shown to stay constant after the horizon crossing in the comoving gauge at the tree level in a single field inflation. It is because they approach pure gauge. The nontrivial potential for them are forbidden due to general covariance. The issues on the higher loop corrections are reviewed in [25] . The IR logarithmic corrections influence the CMB spectrum by making the microscopic parameters of the inflation theory time dependent. We believe that it is important to understand them when we investigate microscopic physics behind inflation.
We illustrate one of such a possibility. The self-tuning effect of the cosmological constant due to UV-IR mixing could alter the classical slow roll picture. The slow roll parameters are
We note that the slow roll parameter ǫ acts like n/2 in (7.13)
So the quantum effects could significantly alter the classical slow roll picture when ǫ becomes as small as n. In the case of the single field inflation, n may be small as λ 4 is strongly constrained by the observation. In a generic case, n could be as large as 10 −3 since it could arise from different fields rather than the inflaton. The quantum effect alters the classical slow roll picture in general if the tensor-to-scalar ratio r is as small as 0.01. Such a parameter region will be explored soon.
